Biochemical analysis of the enzymatic activity catalyzing the conversion of chorismate to isochorismate in the enterobactin biosynthetic pathway attributed the reaction to the isochorismate synthetase enzyme, designated EntC. However, the lack of mutations defining this activity has hampered the precise identification of the entC structural gene. In this study, we engineered a stable insertion mutation into the chromosomal region between the enterobactin genes fepB and entE. This mutation disrupted the structural gene for a previously identified 44-kilodalton protein and eliminated production of 2,3-dihydroxybenzoic acid, the catechol precursor of enterobactin. The complete nucleotide sequence of this gene was determined and compared with the sequences of other genes encoding chorismate-utilizing proteins. The similarities observed in these comparisons not only indicated that the locus is entC but also supported the premise that these enzymes constitute a family of related proteins sharing a common evolutionary origin. In addition, in this and the accompanying paper (M. S. Nahlik, T. J. Brickman, B. A. Ozenberger, and M. A. McIntosh, J. Bacteriol. 171:784-790, 1989), evidence is presented indicating that the entA product is potentially a secondary factor in the chorismate-toisochorismate conversion and that the prototypic entC lesion (entC401) resides in the structural gene for the EntA protein. Finally, polarity effects from the insertion mutation in entC on downstream biosynthetic genes indicated that this locus is the promoter-proximal cistron in an ent operon comprising at least five genes. Appropriate regulatory signals upstream of entC suggest that this operon is regulated by iron through interaction with the Fur repressor protein.
Biosynthesis of the catechol siderophore enterobactin in Escherichia coli is a two-stage process involving the initial production of 2,3-dihydroxybenzoic acid (DHBA) from the aromatic amino acid precursor chorismate and the subsequent conversion of DHBA and L-serine to the active chelator. The three soluble enzymes required for the initial stage are EntC, (isochorismate synthetase), EntB (2,3-dihydro-2,3-dihydroxybenzoate synthetase), and EntA (2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase). Intermediates in the biosynthetic reactions catalyzed by these enzymes have been identified (32) . The genes encoding the initialstage enzymes were predicted to be linked transcriptionally on the clockwise end of the complex enterobactin gene cluster at min 13 on the E. coli chromosomal map (7) . In the second stage of enterobactin biosynthesis, the proposed enterobactin synthetase multienzyme complex, suggested to contain the entD, entE, entF, and entG gene products (11) , catalyzes the synthesis of one enterobactin molecule from three molecules each of DHBA and L-serine. These stage two genes are scattered throughout the enterobactin gene cluster (8, 19, 24, 25) .
The enterobactin biosynthetic intermediate chorismate also serves as the pivotal substrate for several enzymes associated with key metabolic pathways ( Fig. 1) , including the synthesis of aromatic amino acids and vitamins, the folate coenzymes, and the substituted benzoic acids (e.g., DHBA). Enzymes that initiate these various metabolic pathways from the branch compound chorismate may therefore play a key regulatory role in cellular aromatic metabolism. In addition, these proteins may have common (and perhaps evolutionarily conserved) structural or functional features, such as those related to substrate recognition and binding, although their enzymatic mechanisms or cofactor requirements may be quite distinct. Evolutionary conservation of primary amino acid structure has been suggested for two such aminobenzoate synthetases, TrpE and PabB (9) . To assess the primary structure of EntC and its potential relatedness to the other chorismate-utilizing enzymes, we sought to determine the nucleotide sequence of the entC structural gene.
In many early molecular studies defining the ent-region genes (14, 19, 25) , no distinct genetic separation between entC and entA was established. This difficulty is a direct consequence of the fact that the same single lesions affecting either EntA or EntC functions were used in all of those studies. We recently established by genetic complementation studies that those mutant alleles, entA403 and entC401, mapped to a single genetic locus defined as entAC (19) . In the accompanying report (18) , we established the nucleotide sequence and deduced amino acid residues of the 26-kilodalton (kDa) protein encoded by this locus. The (PABA) , is converted to DHBA in a series of reactions involving three Ent enzymes; subsequently, DHBA and L-serine are used to synthesize the cyclic triester of dihydroxybenzoylserine (enterobactin). Four postulated Ent proteins make up the synthetase enzyme responsible for this final stage of synthesis (11) . Conversion of chorismate to either anthranilate or PABA requires two gene products, TrpE and TrpD or PabB and PabA, respectively (9) . Anthranilate is a precursor in the tryptophan biosynthetic pathway, and PABA is a component of folic acid. 2,3-DH-2,3-DHBA, 2,3-dihydroxy-2,3-dihydydroxybenzoate.
EntC-catalyzed reaction and cannot be presently overlooked.
In this study, we constructed a stable insertion mutation in the region between fepB and entE which we previously showed encoded a 44-kDa protein thought to be involved in enterobactin transport (22) . This mutant strain was blocked in DHBA production and could not be restored phenotypically to wild type by transformation with cloned entB and entA genes. The nucleotide and predicted amino acid sequences of this locus show similarities to those of trpE and pabB, which suggests that the gene is entC and that it is part of a family of related genes encoding chorismate-utilizing enzymes. The entC401 allele of the newly redefined entA locus may identify a region of interaction between EntA and EntC.
MATERIALS AND METHODS Bacterial strains and plasmids. All E. coli strains used are described in Table 1 . Recombinant plasmid constructions in electrophoresis on sodium dodecyl sulfate-polyacrylamide gels as described previously (22) .
Marker exchange. The Kmr marker from pITS47-K1 ( Fig. 2) was transferred to the chromosome of MM383 by homologous recombination mediated by the flanking entC DNA sequences. MM383 [polA(Ts)] transformants containing pITS47-K1 were passaged three times at 420C, and Kmr Aps survivors were selected as described previously (22) . These recombinants were examined for enterobactin production on CAS agar (29) or by bioassay (7) and for transport by cross-feeding with purified enterobactin. The entC::kan allele from one of these strains was transduced into strain AB1515 with phage P1 (16) to produce strain MT147. DNA sequence determination and analysis. DNA sequences were obtained by the dideoxy-chain termination method of Sanger et al. (28) . DNA fragments were cloned into pUC18, pUC19, or pGEM3Z to permit sequence determination on both DNA strands. The sequencing strategy is depicted in Fig. 2 . Plasmids to be used as sequencing templates were isolated by the alkaline lysis procedure (4) and precipitated with 6.5% (final concentration) polyethylene glycol in the presence of 0.8 M NaCl. Double the vector pBR328 (31) are designated pITS (plasmids containing iron transport system genes) and are described in Fig.  2 . Fragments isolated for DNA sequence analysis were cloned into the polylinker region of pUC18 and pUC19 (21) or pGEM3Z (Promega Biotec, Madison, Wis.).
Media, chemicals, and enzymes. Tris-glucose minimal medium containing 200 FM 2,2'-dipyridyl was used as the selective iron-depleted medium. The concentrations of supplements added have been previously described (7, 15) . Chrome azurol S (CAS) agar for the detection of siderophores was made by the procedure of Schwyn and Neilands (29) and supplemented with 100 piM 2,2'-dipyridyl. LuriaBertani (LB) broth was used as complete medium (16) . Ampicillin (Ap) and kanamycin (Km) were used at a concentration of 50 ,g/ml. Restriction and modification enzymes were purchased from Promega Biotec; Sequenase was purchased from United States Biochemical Corp., Cleveland, Ohio.
Plasmid isolation and transformation. Plasmids were isolated by the alkaline lysis procedure of Birnboim and Doly (4). CaCl2-treated cells were transformed as described by Cohen et al. (5) .
Minicell isolation and protein analysis. Strain X984 was transformed with the various recombinant plasmids, and minicells were isolated by sucrose gradient centrifugation (22) . Minicell preparations were labeled with [35S]methionine, and protein samples were solubilized and examined by RESULTS Construction of an insertion mutation between fepB and entE. We previously showed in genetic complementation studies that the entC401 and entA403 mutations present in strains AN191 and AN193, respectively, represent independent alleles of the same cistron (19) , providing a rationale for the previous difficulty in genetic separation of these mutations (14) . This genetic locus was designated entAC (19) because of its apparent involvement in both enzymatic activities and was shown to encode a 26-kDa protein product. However, the deduced amino acid sequence of this protein (18) did not display strong similarities to those of other enzymes that utilize chorismate as a substrate. As a consequence, we concluded that it was not the major enzymatic component of isochorismate synthetase and redefined its gene as entA (18 The remaining protein of undocumented function in this genetic region was the 44-kDa polypeptide expressed from the chromosomal sequences betweenfepB and entE (22) . On the basis of initial investigation of a TnS insertion mutation in the vicinity of its structural gene, we hypothesized that this protein was involved in enterobactin transport and preliminarily designated its structural genefepF. However, detailed analysis of the insertion by Southern hybridization revealed that it was not stably integrated in this chromosomal region, a finding that failed to support that premise.
We constructed a stable insertion in the gene specifying the 44-kDa protein by cloning a Kmr cassette into the single EcoRV site of the recombinant plasmid pITS47, which contains the chromosomal DNA fragment extending from within the fepB gene to the entE gene (Fig. 2) and expresses the 44-kDa protein (Fig. 3) (22) . A 2.4-kilobase XhoI restriction fragment which confers resistance to kanamycin was isolated from a plasmid carrying the transposable element TnS (3) . The XhoI ends were filled in with appropriate deoxynucleotide triphosphates, using the large fragment of DNA polymerase (Klenow), and the repaired DNA fragment was then ligated into pITS47 at the EcoRV site to create pITS47-K1 (Fig. 2) . This insertion completely disrupted synthesis of the 44-kDa protein (Fig. 3, lane 2) . pITS47-K1 was transformed into strain MM383 [polA(Ts)], and after several passages at the nonpermissive temperature, recom- [18] ) on the cloned DNA fragment represented by pITS55 (see Fig. 2 ). pITS55 also complements entE and entB mutants.
binants that had lost the plasmid Apr marker but maintained the Kmr marker were selected. The Kmr marker was then transduced to strain AB1515, and the mutant strain was designated MT147 (Table 1 ). The chromosomal location of the Kmr marker was confirmed by Southern hybridization.
Characterization of MT147. MT147 was examined for enterobactin biosynthesis and transport phenotypes. The mutant was unable to grow on iron-depleted media unless the media were supplemented with purified enterobactin.
Closer examination for a transport phenotype in a 5sFe-enterobactin uptake assay revealed little or no effects on ferric enterobactin transport (data not shown). However, examination of MT147 in a cross-feeding bioassay (7) and analysis on CAS agar (29) revealed that it produced no detectable enterobactin. Siderophore biosynthesis was restored to a low level when MT147 was grown on CAS agar supplemented with purified DHBA, which indicated that the mutant was blocked in the synthesis of DHBA from chorismate. These data can be explained by the involvement of the 44-kDa protein in the initial stage of enterobactin production or by lack of expression of downstream, transcriptionally linked ent genes caused by the kan insertion. Since the inserted kan gene was shown to be transcribed in the direction opposite that of the disrupted gene, polarity effects on any downstream gene might be strong.
The Ent-phenotype of MT147 was further analyzed by genetic complementation studies. MT147 was transformed with various recombinant plasmids and examined for enterobactin biosynthesis on CAS agar relative to levels produced by similar transformants of the mutant strains AN191-60 (entC401) and AN193-60 (entA403) ( Table 2 ). Each of the point mutants was complemented by pITS12 ( Fig. 2) but not pITS47; pITS12, which does not express the 44-kDa protein (19), did not complement MT147. pITS47, which encodes a wild-type 44-kDa protein (Fig. 3) , complemented the lesion in MT147 only weakly. pITS47-K1 was unable to restore enterobactin synthesis in MT147 to any degree. These data suggest that the insertion in MT147 produces strong polarity effects on enterobactin biosynthesis genes downstream of its location, thereby precluding wild-type expression of those genes and decreasing the apparent genetic complementation of MT147 by pITS47. In addition, the failure of pITS12 (which expresses entB and entA) to restore DHBA production at any level when introduced into MT147 suggests that the insertion defines a gene involved in DHBA synthesis, presumably encoding a component of isochorismate synthetase (EntC) activity.
To overcome the polarity effects of the mutation in MT147, a plasmid was constructed which carries all of the known ent loci in this genetic region. The DNA fragment in pITS47 which extends from the EcoRI site in the gene encoding the 44-kDa protein (EntC) rightward to the EcoRI site in the vector pBR328 was replaced with the 6.6-kilobase EcoRI fragment from pITS12 to engineer pITS55 (Fig. 2) . This plasmid contains the chromosomal DNA from the fepB gene rightward to a region beyond the known enterobactin genes. In conjunction with the construction of pITS55, a clone was isolated with the 6.6-kilobase EcoRI fragment in the wrong orientation. This clone was designated pITS56.
pITS55 complemented MT147, AN191-60, and AN193-60 (Table 2 ). In fact, the halos resulting from enterobactin release on CAS agar were much larger with MT147(pITS55) and AN191-60(pITS55) or AN193-60(pITS55) than with AN191-60(pITS12) or AN193-60(pITS12). pITS56 comiplemented AN191-60 and AN193-60 to the same degree as did pITS12 and was unable to complement MT147. These data suggest that the contiguous genes beginning with entC and extending rightward to the P15 gene are cotranscribed from a control region upstream of the former gene (Fig. 2) . This supposition is confirmed by the fusion studies described in the accompanying paper (18) . These conclusions suggest that expression of the ent genes contained on pITS12 is not under normal control signals but may be directed by uncharacterized vector or low-level secondary promoters.
Proteins expressed from pITS55 in E. coli minicells were examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. EntE, EntB, EntA (molecular weights of 58,000, 32,500, and 26,000, respectively [19] ) and both the 15-and 44-kDa proteins were detected (Fig. 3, lane 3) .
Nucleotide sequence of enIC. Subclones of pITS47 were constructed in pUC vectors to incorporate techniques for sequencing from double-stranded templates. DNA fragments from pITS47, generated by restriction nucleases AvaI, HindIll, EcoRV, PvuII, and EcoRI, were used for sequence determination in both directions from appropriate restriction sites (Fig. 2) . A synthetic oligonucleotide (designated CR1.3) was used to obtain the sequence from the 5' end of entE toward the EcoRI site in entC (Fig. 2) . The nucleotide sequence from the AvaI site just upstream of this gene to the end of the proposed coding region is presented in Fig. 4 . The sequence of this 1,400-base-pair region was determined unambiguously on both strands of the DNA.
Examination of all translational reading frames identified one which was open for 1,173 bp. This reading frame initiated with an ATG codon at base 121 preceded 5 bases by a polypurine sequence that bore strong resemblance to a consensus Shine-Dalgarno ribosome-binding site (30) ; the sequence encoded a protein of 391 amino acids. The calculated molecular weight of this polypeptide was 42,917, in agreement with the observed migration of the major product of pITS47 by gel electrophoresis (Fig. 3, lane 1) .
Comparison (9) . The amino acid sequences in this same region also showed greater than 40% similarity. No significant amino acid similarities were found between EntC and two other aromatic pathway enzymes, PheA and TyrA (12) .
Comparison of codon usage in these three proteins (data not shown) indicated a high level of similarity; in addition, the patterns of codon usage by these proteins were consistent with those of E. coli genes that are not generally highly expressed (10) . The preferential use of codons in the entC gene that utilize the more prevalent tRNA molecules in E. coli cells (13) (27) , and the -10 sequence (TAGGTT), although less conserved, contains the critical T, A, and T residues at positions 1, 2, and 6, respectively. A nucleotide sequence that strongly resembles the Fur repressor-binding site (6) is also present between + 1 and the predicted translational start codon at +55. The Fur protein acts as a repressor for numerous iron-regulated genes (1) and has been shown to bind DNA in the presence of divalent cations such as ferrous iron (2) . Expression of entC is shown in the accompanying paper (18) the present variation in reaction end products (9) . This premise is substantiated by the facts that two of these genes, trpE and pabB, show 40% similarity at the nucleotide level and their products are 26% similar. The concept is further reinforced by the current findings that entC is 45 to 46% homologous to these same genes and that at the amino acid level, across the entire coding length, the proteins are 19 to 26% similar. The greatest regions of similarity are found in the carboxy-terminal halves of these proteins, where the residue similarities approach or exceed 40%, which indicates that these regions may define components involved in chorismate interaction. These observations provide considerable support for the hypothesis (9) that these enzymes are encoded by a family of genes that have a common evolutionary origin. The amino ends of these proteins are characterized by relatively few similarities, which suggests considerable divergence that might be related to such parameters as cofactor specificity, enzymatic mechanism, and variability in response to important metabolic signals (e.g., feedback inhibition). In addition, it was proposed that the anthranilate synthetase enzyme lacked tryptophan residues and that other chorismate-utilizing enzymes would contain this amino acid so that aromatic metabolism would be diverted to tryptophan production under tryptophan starvation conditions (9, 20) . The higher than average concentration of such residues in EntC further substantiates that concept.
Two of the aromatic pathway enzymes, anthranilate synthetase and p-aminobenzoate synthetase, have been shown to catalyze similar reactions involving chorismate and glutamine and produce similar products as a result of amidotransferase reactions that differ in the position to which the amide substituent is transferred to the benzene ring. The two enzymes are also structurally similar, each consisting of two nonidentical subunits; component I is responsible for chorismate binding, and component II exhibits the amidotransferase activity (9) . The EntC component of isochorismate synthetase is expected to be related to component I of these enzymes, since chorismate is the common substrate for all three reactions. However, since isochorismate is produced by the transfer of a hydroxyl rather than an amide group to the benzene ring, no function analogous to the amidotransferase activity (component II) of these enzymes would be required. As expected, no similarities between EntA or EntB and TrpD or PabA (which correspond to component II of anthranilate synthetase and p-aminobenzoate synthetase, respectively) were identified (18) .
It is important, however, that the original genetic lesion defining EntC activity, entC401, maps to the entA locus (19) require entC and all the ent genes downstream of this locus. These observations, combined with the DNA sequence and gene fusion data presented in the accompanying report (18) , clearly establish that the right-hand ent gene cluster is organized as an operon containing at least five genes in the order entC, entE, entB, entA, and P15 and that ironmediated expression of this polycistronic transcript is controlled by the DNA sequences upstream of entC. Previous results (14, 19, 25) suggesting that these cistrons are independently transcribed can be explained by the fact that the low-level expression of independent ent genes on multicopy plasmids or downstream of transposon insertions that were not absolutely polar were measured qualitatively in the sensitive bioassays or by growth under iron-depleted conditions in those experiments. This interpretation is reinforced by quantitative comparisons of enterobactin production from entB and entA mutant strains harboring pITS55, which contains the entire operon, and pITS12, which does not include the major control sequences. Siderophore synthesis can clearly be measured in the pITS12 derivatives but is weak compared with production when the natural control signals are present.
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From the DNA sequence data described in Fig. 4 and additional sequencing experiments not described, we have established the primary nucleotide sequence of the almost 400 bp separating the divergently transcribed fepB and entC genes (Fig. 6) . By primer extension analysis, we have preliminarily identified the entC transcription start site (+1) some 55 bp upstream of the proposed EntC translation initiation codon (Brickman and Ozenberger, unpublished results). Within this region there is a sequence very similar to the consensus Fur-binding site (6) which, if confirmed by DNA-binding experiments, would contribute to the ironregulated expression of the entCEBA (P15) operon. Upstream of the entC + 1 site and on the opposite strand is the similarly identified initiation nucleotide for the fepB transcript. In the 103 bp separating these divergent mRNAs are located the sequences resembling canonical -10 and -35 promoter elements for both messages. Another sequence that may bind the Fur repressor is predicted to overlap the fepB transcript initiation site. Unlike the entC transcript, which has a small (55-nucleotide) leader RNA, the fepB mRNA appears to extend more than 200 nucleotides before the predicted FepB translation start codon. Structural analysis suggests that potential for extensive regions of secondary structure in this RNA molecule that may play a role in modulatingfepB expression by mechanisms that act subsequent to initiation of transcription by RNA polymerase in the absence of bound Fur repressor. A detailed molecular analysis of this control region will be published elsewhere (T. J. Brickman, B. A. Ozenberger, and M. A. McIntosh, manuscript in preparation).
A similar but distinct transcriptional organization occurs on the left end of the enterobactin gene cluster between the fepA and fes genes (23, 24) . This intercistronic region also produces diverging transcripts, but their promoters are extensively overlapping, with the primary initiation sites only 18 bp apart. Probable Fur-binding sequences are also apparent in this region. Both the fepA and fes transcripts are characterized by leader RNA lengths of more than 125 
